Summary.-Human myeloma stem cells were detected by their capacity to form colonies in culture. Cells separated from aspirated marrow were cultured for 10 days in semi-solid methylcellulose with medium conditioned by T lymphocytes stimulated by phytohaemagglutinin (PHA-TCM). The colonies formed consisted mostly of lymphoplasmacytoid cells or plasma cells, and the immunoglobulins in the patients' myeloma cells were demonstrated also in the cytoplasm of the colony cells. The number of colonies were proportional to the number of cells plated and to the concentration of PHA-TCM. When the proportion of proliferating colonyforming units of multiple myeloma (CFU-MM) was studied using the (3H)-dT-suicide technique, the high-specific-activity (3H)-dT killed 21-45% of the CFU-MM in 7 myeloma patients. According to a single dose of 60Co-y-irradiation, the mean doses for impairment of regeneration (Do) were 1-00 and 1.63 Gy in 2 cases, the extrapolation numbers being 1.6 and 2.0.
IT IS BELIEVED that precise characterization of tumour stem cells and their quantitation are necessary for a better understanding of the basic cell-renewal system of tumours and of their response to therapy. Recently, colony assays of patients with multiple myeloma (MM) have shown that their marrows contain progenitor cells capable of forming colonies containing plasma cells and lymphoblasts. Thus the myeloma colony assay seems to permit qualitative and quantitative studies of human myeloma stem cells. In order to study the kinetics of myeloma stem cells and their sensitivity to radiation, we used the myeloma colony assay and estimated the fractions of proliferating myeloma stem cells in the DNA-synthesis (S) phase of the cell cycle, and the response of these cells to single-dose y-irradiation. The results of this study are reported here.
MATERIALS AND METHODS
Patients.-Nine patients with well documented multiple myeloma (MM) were selected for the study. Their clinical status is detailed in Table I .
Immunoelectrophoretic studies of the sera revealed that 7 patients had IgGK, 1 IgGA, and 1 IgAA type myeloma. Six patients were new cases and 3 were in relapse after treatment by intermittent administration of melphalan and prednisolone. Marrow samples for in vitro studies on these 3 patients were obtained 3-4 weeks after the previous course of therapy.
Cell collection.-Marrow cells were obtained in heparinized syringes by puncture of the sternum or posterior iliac crest, and were suspended in a-MEM (Gibco). Mononuclear cells were separated from the suspension of marrow cells by centrifugation through a Ficoll-Conray (Conray 400: Sodium iotalamate) gradient at a density of 1 077. The mononuclear cell fraction from our 9 patients contained 85-95% myeloma cells. These Culture method.-Culture methods for myeloma colony formation described by Izaguirre et al. (1980) were used, with minor modifications.
T-lymphocyte-conditioned medium (PHA-TCM) was prepared by incubating T lymphocytes with 1% PHA (Wellcome, H-15) in a-MEM and 10% FCS at 37°C for 3 days. The supernatants were collected, filter-sterilized, and stored before use. To obtain T lymphocytes, peripheral mononuclear cells from a normal volunteer, that had formed SRBC rosettes, were treated with NH4Cl-tris buffer, washed and resuspended in a-MEM with 10% FCS. Cells from the myeloma-cell-enriched fractions were prepared in concentrations from 1 to 5 x 105 cells/ml in the presence of 0.8% methylcellulose, 20% FCS, and 20% PHA-TCM. After mixing each suspension with a vortex mixer, a lml aliquot of the mixture was plated in a culture dish (35x 10 mm, Falcon Plastics). The culture was then incubated at 37°C in 5% CO2 in air at 100% humidity for 10 days. At least 4 replicates were prepared for each experiment.
Characterization of proliferating cells.-At the termination of culture, the number of colonies containing 20 or more cells were counted with an inverted microscope. Individual colonies were picked using finely drawn Pasteur pipettes and suspended in phosphate-buffered saline (PBS). Cells from single colonies were spun on glass slides, using a Shandon cytocentrifuge. The cells from individual colonies were assessed for morphology, using May-Giemsa, myeloperoxidase, and PAS. For the determination of cytoplasmic immunoglobulin (clg), cells pooled from 50-100 colonies were washed in PBS with 2% bovine serum albumin and 0.2% sodium azide and stained using monospecific FITC-labelled antisera (anti-humanIgA, anti-human-IgG, anti-human-K, antihuman-A; Behring). Cells from individual colonies were also tested for rosette formation with SRBC. Iscove (1977) was used to measure the proportion of colony-forming units of multiple myeloma (CFU-MM). Briefly, the cells from the myeloma-cellenriched fractions of 7 patients were exposed to [3H]-dT as follows: 1 ml of the cell suspensions was placed in lOml centrifuge tubes containing a solution of [3H]-dT (methyl-Tthymidine, 73-6 Ci/mmol) made up in Hanks' balanced salt solution without thymidine (HBSS) (Flow Lab.). The tubes were then incubated with occasional agitation in a water bath at 37°C. After 20min incubation, uptake of [3H]-dT was halted by adding lOml of ice-cold HBSS containing 100 jug/ml of cold dT and 10% FCS. The cells were then washed x 3 with unlabelled HBSS containing dT and FCS, and cultured for CFU-MM.
Radiation sensitivity of CFU-MM.-The myeloma-cell-enriched fractions (cases 7 and 9) in ax-MEM with 10% FCS, were exposed to 0-5-2 Gy of 60Co y-ray (dose rate 1V29 Gy/min) and culture for CFU-MM was started 3 h after irradiation. The cells within the colonies looked like lymphoplasmacytoid or plasmacytoid cells, as seen in Wright-Giemsa preparations (Fig. 1) . These cells were negative both for myeloperoxidase and PAS. Moreover, more than 95% of them did not form SRBC rosettes.
Immunoglobulin classes were determined in the cells initially plated and in the cells from colonies (Table I) . It is apparent that the same Ig class was found in the original cells and in the cells from the colonies (Table I and Fig. 1) , indicating that the cells in the colonies were derived from MM cells.
The relationship between the number of cells initially plated and that of colonies formed was linear, with extrapolation through the origin (Fig. 2) . This is an evidence that the culture conditions are indeed adequate for quantitation of CFU-MM. A linear relationship was also observed between PHA-TCM concentrations of up to 30% and the number of colonies formed (Fig. 3,  Case 9 ). In other cases, however; the number of colonies reached a plateau at 20% of PHA-TCM.
Suicide assay with [3H]-dT As shown in Table II, 
Radiosensitivity
The results of y-ray irradiation to CFU-MM in 2 cases are shown in Fig. 4 . In both cases, colony formation was suppressed exponentially by y-irradiation.
The Do estimated from the linear regression of the curves are 1 00 and 1 63 Gy, and extrapolation numbers are 1-6 and 2-0 respectively.
DISCUSSION
Using the modified method developed by Izaguirre et al. (1980) human myeloma stem cells could be detected by their ability to form colonies. When 4 x 105 cells of the 10 marrow preparations of 9 patients were plated, a sufficiently high plating efficiency (0-15-1.0%) was obtained to allow a reliable comparison between test and control assays. This plating efficiency is similar to that reported by Izaguirre et al. (1980) but much higher than that reported by Hamburger and Salmon (1977) .
The proportion of CFU-MM killed by pulse labelling with high-specific-activity [3H]-dT was 21-45%, which corresponds to that of CFU-C (Cronkite & Feinendegen, 1976) . Thus it could be considered that myeloma stem cells have similar proliferative characteristics to CFU-C, but higher than pluripotent stem cells (Fauser & Messner, 1979) .
On the other hands, it was reported that 5000 or more leukaemic stem cells are in cell cycle (Minden et al., 1979) . These differences between CFU-MM and leukaemic stem cells may require different treatments for these diseases. Thus phasespecific drugs such as cytosine arabinoside or methotrexate are often useful for the treatment of acute leukaemia, but not for multiple myeloma.
It has been reported by Hamburger & Salmon (1977) that no [3H]-dT suicide of CFU-MM occurred in 2 patients out of 7, and > 60% of CFU-MM were killed in 4 patients. We have not encountered such stable or such highly proliferative cases so far. The differences between their data and ours may be due to a difference in patients' conditions, or to the methodology of detecting CFU-MM.
As shown in Fig. 4 , D0 of CFU-MM in 2 cases was 1.00 and 1P63 Gy. These values are the same as for human pluripotent stem cells and granulocyte-macrophage colony-forming units. The radiation sensitivity of CFU-MM, in Case 9, however, might be higher than this, as the concentration of PHA-TCM was suboptimal.
These results give some insight into the kinetics and behaviour of human myeloma stem cells, possibly contributing to an improvement in therapy.
